Stable organic biradical crystals PNNNO, F 2 PNNNO, and PIMNO of the PNNNO family were synthesized.
I. INTRODUCTION
The study of quantum spin systems has attracted much attention for several decades. According to Haldane's conjecture in 1983, different ground states are expected for the antiferromagnetic chain systems of integer and half-oddinteger spins. 1 Experimental study on the Sϭ1/2 and Sϭ1 system have been reported for several compounds of Cu 2ϩ and Ni 2ϩ , respectively, and the existence of an energy gap in the Sϭ1 antiferromagnetic chain system was confirmed for a Ni 2ϩ compound ͓NENPϭNi(C 2 H 8 N 2 ) 2 NO 2 (ClO 4 )͔. 2 The intermediate states between the Sϭ1/2 and Sϭ1 antiferromagnetic chains are now an attractive problem. The theoretical 3 and experimental [4] [5] [6] studies on the Sϭ1/2 ferromagnetic and antiferromagnetic alternating chain have been reported. The reported compounds are Cu compounds 4, 5 and an organic monoradical. 6 In these compounds, the ratio of the exchange coupling ␣ϭJ F /͉J AF ͉ is at most about two, where J F and J AF represent ferro-and antiferromagnetic exchange couplings, respectively.
In this article, we report on the magnetic properties of the antiferromagnetic lattice of Sϭ1/2 spin pairs in which the two spins are strongly coupled ferromagnetically. We designed stable organic biradicals, in which two Sϭ1/2 spins coupled ferromagnetically with 2J F /k B ϭ216Ϫ638 K. By attributing the ferro-and antiferromagnetic exchange couplings to the intra-and intermolecular ones, we have successfully obtained the spin systems with a large ␣ (ϭ6, 18, 44͒.
We have recently found that an organic biradical of PNNNO has a large intramolecular ferromagnetic exchange coupling, 7 where
PNNNOϭ2-͓4Ј-(N-tert-butyl-Noxyamino)phenyl͔-4, 4, 5, 5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl 3-oxide. We synthesize two related biradicals of F 2 PNNNO and PIMNO and observe the change of the magnitude of the intramolecular exchange couplings, where F 2 PNNNOϭ2-͓2Ј,6Ј,-difluoro-4'-(N-tert-butyl-Noxyamino)phenyl͔ -4, 4, 5, 5-tetramethyl-4, 5-dihydro-1 Himidazol-1-oxyl 3-oxide, and PIMNOϭ2-͓4'-͑N-tertbutyl-N-oxyamino͒phenyl͔-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl. 8, 9 The molecular structures of these biradicals are shown in Fig. 1 .
The characteristics of the PNNNO family are excellent stability and crystallinity, tuning of the intramolecular ferromagnetic exchange coupling by the chemical modification, 9 and the existence of the weak intermolecular antiferromagnetic interactions in addition to the large intramolecuar interactions in the crystals.
The PNNNO family includes two Sϭ1/2 spins, which are mainly distributed on the NO groups marked by the ellipses in Fig. 1 . The ellipses correspond to the molecular orbital of unpaired electrons, i.e., a singly occupied molecular orbital ͑SOMO͒. An Sϭ1/2 spin mainly concentrates on an NO The sign of the intramolecular exchange coupling between two radical units is understood by the spin polarization effect. The bonding scheme of the two radical units in the PNNNO family brings about a ferromagnetic exchange coupling between the tBu-NO and NN ͑IN͒ units.
The intermolecular exchange interaction in organic crystals is governed by the overlap between the molecular orbitals. Especially the antiferromagnetic exchange couplings are brought about by the overlap between SOMO's. 10 As mentioned above, the SOMO of the PNNNO family is distributed mainly on the NO groups. Therefore, intermolecular antiferromagnetic interactions are expected for the contacts between the NO groups. We must mention that the nitrogen and oxygen atoms in the NO groups have partially positive and negative charges, respectively. In the neutral organic molecular crystals, the crystal structures are always dominated by the electrostatic energies. The close spacing between the NO groups is preferable in the electrostatic aspects, and such contacts are sometimes observed in the NN derivatives. 10 Therefore, the PNNNO family is an attractive magnetic system with ferro-and antiferromagnetic interactions. The magnetic properties of PNNNO, F 2 PNNNO, and PIMNO are investigated and discussed on the basis of the crystal structures. The crystal structures of PNNNO and F 2 PNNNO are similar to each other: both include uniform chains constructed by the contacts between the NN units. For biradicals, two types of uniform chain structures are possible, which are shown in Fig. 2 . PNNNO and F 2 PNNNO involve the chain of type I and PIMNO includes the one of type II. In the extreme limit of J F →ϱ, both models become equivalent to the antiferromagnetic uniform chain of Sϭ1. However, in the limit of J F →0, type I and II become the antiferromagnetic uniform chain of Sϭ1/2 and isolated dimer model, respectively. For type II, the numerical calculation has already been reported for the case of J F /͉J AF ͉р8. 11 We perform the numerical calculations for both models with the wider range of J F /͉J AF ͉ to analyze our experimental results. Among the three compounds, only F 2 PNNNO has an energy gap above the singlet ground state. The temperature dependence of the paramagnetic susceptibilities ( p ) decreases exponentially to zero as T→0. The characteristic of F 2 PNNNO is seen in the high-field magnetization. The high-field magnetization process shows a two-step saturation of which intermediate plateau corresponding to the half value of the saturation magnetization. Our theoretical treatments reveal that the interchain interactions play an important role on the appearance of the plateau. This is a rare example of the observation of the plateau in a magnetization curve in a two-dimensional system. The other two compounds undergo antiferromagnetic phase transitions due to the weak interchain interactions, which are confirmed by the heat capacity measurements.
II. EXPERIMENT
The materials PNNNO, F 2 PNNNO, and PIMNO are synthesized by following the method described in the literatures 7, 9 and purified by the recrystallization from concentrated solutions.
Static magnetic susceptibilities were measured using a quantum design MPMS 5S superconducting quantum interference device magnetometer in the temperature range of 1.8-350 K for the randomly oriented crystals. The magneti- zation processes for microcrystalline samples down to 0.5 K were measured using a 3 He cryostat in static fields up to 17 T produced by a superconducting magnet with a sampleextraction method or in pulsed magnetic fields up to 40 T of a duration time of about 10 ms produced by a wire-wound pulse magnet. The specific heat was measured by the thermal relaxation technique in a 3 He cryostat in the temperature region between 0.7 and 4.5 K.
III. CRYSTAL STRUCTURES

A. PNNNO and F 2 PNNNO
The crystals of PNNNO belong to the monoclinic system, space group P2 1 /n, with aϭ6.155 (2) , bϭ11.356 (2) , c ϭ24.995(6) Å, ␤ϭ96.48(2)°, Vϭ1735.8(7) Å 3 , and Z ϭ4. 7 The crystal system of F 2 PNNNO is the orthorhombic system, space group Pbca, with aϭ19.807 (4) In contrast with the similar chain structures, molecular packing between chains are different from each other. The packing between the molecules connected by an inversion symmetry is different. In the crystals of F 2 PNNNO, noticeable is the short contact ͓3.878͑8͒ Å͔ between the oxygen atoms of the tBu-NO's related by an inversion symmetry. On the other hand, the tBu-NO's of the PNNNO molecule are separated with the distance of 4.896 Å between the nitrogen and oxygen atoms.
The different interchain molecular arrangements are related to the difference in the molecular structures. There is noticeable difference in the dihedral angles between the benzene ring and radical planes. We define 1 and 2 as the dihedral angles between the benzene ring and the NN plane or tBu-NO plane, respectively ͑Fig. 5͒. The molecule of F 2 PNNNO has large 1 (53.8°) and small 2 (2.2°), whereas the one of PNNNO takes 25°and 22°, respectively. The origin of the large 1 in F 2 PNNNO is explained by the electrostatic repulsion between the oxygen atom of the NN unit and the fluorine atom of the benzene ring. Noticeable is the strong relationship between the small 2 and the short contact of tBu-NO's in F 2 PNNNO.
The magnetic model of PNNNO is represented by the type-I chain in Fig. 2͑a͒ by the consideration of the intramolecular ferromagnetic coupling and the antiferromagnetic coupling between the NN units along the b axis. In the case of F 2 PNNNO, the interchain interactions produced by the contact of tBu-NO's yield the two-dimensional model shown in Fig 2͑b͒. 
B. PIMNO
The crystals of PIMNO belong to the monoclinic system, space group P2 1 , with aϭ6.225 (2) the assumption of the intramolecular ferromagnetic coupling and the antiferromagnetic coupling between the tBu-NO and IN units.
IV. THEORETICAL TREATMENTS OF THE SPIN CHAINS OF TYPE I AND II
The Hamiltonian of the type-I Heisenberg chain in Fig.  2͑a͒ is described by
The Hamiltonian of the type-II chain in Fig. 2͑a͒ is written as
where S denotes the Sϭ1/2 spin operator and N is the number of sites, which should be even. We define ␣ϭJ F /͉J AF ͉. For these models, we perform exact diagonalizations of a chain with even length up to 14 spins and calculate the susceptibility. Numerical studies of the type-II chain at finite temperatures were reported only for ␣р8. 11 Since PIMNO corresponds to the type-II chain with ␣Ͼ8, we perform the calculations for ␣ with wider range. We find that the deviation between the susceptibility curves for 14-spin and 12-spin uniform chains is within 1% for k B T/͉2J AF ͉у0. 4 . Therefore, we use the curves for 14 spins at k B T/͉2J AF ͉ у0.4 as an approximation for infinite spins. It is worth mentioning that, both models of type I and II for the same ␣ yield indistinguishable curves in the above-temperature range, in spite of the fact that the ground states of these models are expected to be different from each other.
V. MAGNETIC AND THERMODYNAMIC PROPERTIES OF PIMNO AND PNNNO
The temperature dependences of p 's of PIMNO and PNNNO are shown in Fig. 7 , where the values of p T are plotted as a function of T. We analyze these experimental results based on the theoretical models described in the previous section. The susceptibilities of the type-I and -II chains as a function of k B T/͉2J AF ͉ for various ␣ at an interval of one are calculated. Using these, we adjust the value of 2J AF /k B in order to fit the observed data. This fitting procedure includes at most 1% ambiguity in the estimation of the values of J AF and J F . This uncertainty is small enough in comparison to the experimental error. The calculated results for the parameter set of 2J F /k B ϭ216 K and 2J AF /k B ϭ Ϫ12 K reproduces well the experimental results of PIMNO. The calculation with 2J F /k B ϭ638 K and 2J AF /k B ϭϪ14.5 K also satisfactorily fits the experiments of PNNNO. The solid curves in Fig. 7 represent the calculations with the above parameters.
In the low-temperature region, p 's show broad maxima at around 3 K in PIMNO and 2 K in PNNNO. Figure 8͑a͒ shows the temperature dependence of the M /B ratios of PIMNO under various applied fields. It is obvious that the linear field dependence is lost below 2.5 K. This behavior corresponds to the spin flop when the material undergoes an antiferromagnetic ordering. The magnetization isotherm at the lowest temperature ͑0.5 K͒ exhibits an upturn above 0.2 T, corresponding to the spin flop. ͓Fig. 8͑b͔͒ These behaviors suggest the antiferromagnetic phase transition occurs at 2.5 K. The three-dimensional phase transition is furthermore examined by the heat capacity measurements. Figure 8͑c͒ shows the temperature dependence of the heat capacity of PIMNO. The -shaped peak was observed at 2.5 K. This also indicates that antiferromagnetic ordering appears at 2.5 K. The open circles plotted are the raw data without the subtraction of the lattice contribution, which is small in this temperature region, on the assumption of the Debye temperature of about 90-140 K reported for the organic radical having similar chemical structure. 12 The lattice contribution at 3 K is at most 3% and decreases with a function of T Ϫ3 . Therefore, the lattice contribution is negligibly small and does not affect our following discussion.
The magnetic entropy change (⌬S) obtained by the integration of C/T with T between 0.7ϳ4.5 K is 7.5 J K Ϫ1 mol Ϫ1 . Assuming that the lower-temperature range below 0.7 K gives the value of ⌬SӍ0.2ϳ0.3J K Ϫ1 mol
Ϫ1
by the simple extrapolation to T→0 based on the spin-wave model, the total magnetic entropy at 4.5 K is estimated at about 7.8 J K Ϫ1 mol Ϫ1 . In general, the total magnetic entropy (S tot ) at T→ϱ for N spins of the spin value of s approaches Nk B ln(2sϩ1). In the present case, each molecule includes two Sϭ1/2 spins, and S tot should approach 2N A k B ln 2 (ϭ11.5 J K Ϫ1 mol Ϫ1 ) at T→ϱ. If we take into account that J F is more than ten times larger than ͉J AF ͉ in PIMNO, it is expected that, at k B Tр͉2J AF ͉, two Sϭ1/2 spins within each molecule are strongly coupled ferromagnetically to form an Sϭ1 species. Then, we can expect the magnetic entropy of N A k B ln 3 (ϭ9.13 J K Ϫ1 mol Ϫ1 ) toward TӍ͉2J AF ͉/k B . The magnetic entropy of PIMNO at 4.5 K is estimated to be about 7.8 J K Ϫ1 mol Ϫ1 , which corresponds to 85% of N A k B ln 3. This behavior agrees well with the expectation of the existence of 1 mol of Sϭ1 species, which are coupled antiferromagnetically to one another at Tр͉2J AF ͉/k B . The slow saturation toward N A k B ln 3 suggests the low-dimensional nature of this material. Therefore, we conclude that PIMNO undergoes an antiferromagnetic ordering at 2.5 K.
In the case of PNNNO, an antiferromagnetic ordering is also observed at 1.1 K. The spin flop related to the antiferromagnetic ordering is found in the magnetic measurements. A nonlinear field dependence appears below about 1 K in the temperature variation of the magnetization with various applied fields. ͓Fig. 9͑a͔͒ The magnetization isotherm at the lowest temperature ͑0.5 K͒, which is very similar to that of PIMNO, has an anomaly at about 0.12 T, corresponding to the spin flop. The temperature dependence of the heat capacity exhibits a -shaped peak at 1.1 K. The entropy gained within the experimental temperature range (0.7ϳ4.5 K͒ is estimated to be 6.0 J K Ϫ1 mol Ϫ1 . The extrapolation to T ϭ0 adds ⌬S by 0.6ϳ0.7 J K Ϫ1 mol Ϫ1 and the total entropy at 4.5 K is estimated to be 6.7 J K Ϫ1 mol Ϫ1 , which corresponds to 73% of N A k B ln 3. This behavior is the evidence of the antiferromagnetic phase transition of PNNNO at 1.1 K.
The magnetization isotherms of PIMNO and PNNNO at 0.5 K are shown in Fig. 10 . The values of the magnetization of both compounds increase linearly and reach the saturation moment for parallel-aligned Sϭ1 species (2 B mol Ϫ1 ), whereas an ideal one-dimensional compound is expected to show the field dependence with a concave shape. We consider that the linear field dependence of each material reflects the influence of the interchain interactions, since the system is in the three-dimensional antiferromagnetic ordering in this temperature region.
From the saturation field (B sat ), we can roughly estimate the antiferromagnetic exchange couplings. On the assumption of the antiferromagnetic uniform chains of Sϭ1, we can estimate 2J/k B ϭϪ14.1 and Ϫ11.4 K from B sat ϭ10.5 and 8.5 T for PIMNO and PNNNO, respectively. For PIMNO, the value of J is slightly larger than the one obtained from the susceptibility (2J AF ϭϪ12 K͒. The large value reflects the contribution of interchain antiferromagnetic interactions. On the other hand, for PNNNO, the estimated value is smaller than the one from the susceptibility (2J AF ϭϪ14.5 K͒. The reason is not clear, but the existence of the ferromagnetic contribution in the interchain interactions is suspected.
In the crystals of PIMNO, the oxygen site of the imino nitroxide unit is disordered; the probability of the occupancy of the O1 and O2 sites are 64.1͑6͒ and 35.8͑7͒ %, respectively. ͓Fig. 6͑c͔͒ We can see the close spacing between the O2 site and the tBu-NO along the a and c directions with the interatomic distances of about 5 Å . These interchain interactions result in the antiferromagnetic order at 2.5 K. On the other hand, the chains in PNNNO are considerably separated. Between the molecules related by an inversion symmetry, we can notice the short distance of 4.89 Å between the N and O atoms in the tBu-NO's. Other interatomic distances are longer than 6 Å . This is the reason for the lower T N of PNNNO than the one of PIMNO.
VI. MAGNETIC PROPERTIES OF F 2 PNNNO
The temperature dependence of p of F 2 PNNNO takes a maximum at around 18 K and below this temperature, p values go exponentially to zero as the temperature decreases. ͓Fig. 11͑a͔͒ The magnetization isotherm at 0.5 K is shown in Fig. 11͑b͒ . The magnetization saturates with two steps. The finite magnetization is not observed below 9 T, above which it begins to grow. In the field region of 15-25 T, the magnetization takes half the value of the saturation magnetization. Above 25 T, it again increases and reaches a saturation at 29 T. The saturation magnetization value corresponds to the parallel alignment of 1 mol of Sϭ1 spins. The two-fold saturation of the magnetization process in F 2 PNNNO contrasts with the linear increase of the magnetization of PNNNO in spite of the fact that these two compounds have the similar structures ͑described in the preceding section͒.
Here, we discuss the magnetization isotherm of the type-I chain shown in Fig. 2͑a͒ . In the extreme limit of J F →ϱ, the type-I chain becomes Sϭ1 antiferromagnetic uniform chain. Numerical calculations for the Sϭ1 antiferromagnetic chain 13 reveal that no plateau appears in the magnetization isotherm. In the other limit of J F →0, the type-I chain is reduced to the combination of Sϭ1/2 antiferromagnetic uniform chain and isolated Sϭ1/2 spins. The Sϭ1/2 antiferromagnetic uniform chain is Bethe-anzatz soluble and the ground state was exactly elucidated. Thus, in this limit no plateau also appears. Since the type-I chain exhibits no plateau in these two extreme limits, it is reasonable to refer that the type-I chain with an intermediate value of J F is also expected to have no plateau in the magnetization process from the interpolation of two extreme. The observed plateau in F 2 PNNNO must come from the existence of interchain interactions. In fact, the crystal structure suggests the existence of interchain interactions.
For the description of the magnetization isotherm of F 2 PNNNO, we define the critical fields of B c0 , B c1 , B c2 , and B sat . ͓Fig. 11͑c͔͒ The magnetization is zero below B c0 , and the beginning and the end of the plateau is represented by B c1 and B c2 , respectively. B sat is the saturation field where the magnetization reaches the full saturation magnetization.
The minimum size of the spin system that yields a plateau in the magnetization isotherm is a 4-spin system of Sϭ1/2. The magnetic model of F 2 PNNNO shown in Fig. 2͑b͒ has Therefore, as a starting point for the understanding, we pick up a 4-spin system shown in Sϭ1/2 ͓Fig. 2͑c͔͒ to examine J AF Ј . The 4-spin model of Fig. 2͑c͒ shows a two-step saturation process with a plateau of half the value of the saturation magnetization. ͓Fig. 11͑d͔͒ In the extreme limit of J F →ϱ, the system is identical to an isolated dimer model of Sϭ1, and the following relation is retained at Tϭ0: B c0 /B sat ϭ0.5. For J F →0, B c0 becomes zero. In the case of 0ϽJ F Ͻϱ, the magnetization process with two-step saturation is expected. At Tϭ0, B c0 ϭB c1 , and B c2 ϭB sat , the critical fields can be written as a function of xϭ͉J F /J AF Ј ͉,
Since our experiment was done at 0.5 K, the critical fields of B c0 (ϭB c1 ) and B sat (ϭB c2 ) in F 2 PNNNO are approximated to the fields that give the magnetization values of M sat /4 and 3M sat /4, respectively. In this case, B c0 /B sat ϭ12.5/27.7 Ӎ0.451 0.5. Then we can obtain the exchange couplings of 2J AF Ј /k B ϭϪ71.2 K and 2J F /k B ϭ790 K. However, the value of 2J F /k B ϭ790 K is too large to explain the temperature dependence of p T above 100 K ͑Fig. 12͒. As T decreases, the value of p T of F 2 PNNNO increases starting from the value of 0.88 emu K mol Ϫ1 for 320 K and reaches a maximum at around 150 K. Below this temperature, p T decreases. The p T behavior above 100 K is mainly governed by the magnitude of J F . In the case of 2J F /k B ϭ790 K, the room temperature value of p T should be about 1 emu K mol Ϫ1 , which corresponds to the formation of 1 mol of Sϭ1 species. The 4-spin model with 2J F /k B ϭ790 K and 2J AF Ј /k B ϭϪ71.2 K cannot reproduce the p T versus T behavior. This disagreement comes from the elimination of the antiferromagnetic contribution J AF in the system of F 2 PNNNO in the isolated 4-spin cluster model. We must take J AF into consideration to explain the observed magnetic properties. The analysis of the two-dimensional lattice shown in Fig. 2͑b͒ is desired. However, the exact treat- FIG. 11 . ͑a͒ Temperature dependence of p of F 2 PNNNO. Solid curve represents the data after the subtraction of the Curie impurity, which corresponds to 12 mmol of Sϭ1/2 species ͑broken curve͒. ͑b͒ Magnetization isotherm of F 2 PNNNO at 0.5 K. Open circles represent the calculated results based on the Hamiltonian ͑6.3͒ with ␦ϭ0.8, jϭϪ11, and 2J k B ϭϪ37 K, which corresponds to 2J F /k B ϭ407 K, 2J AF Ј /k B ϭϪ67 K, and 2J AF /k B ϭϪ7.4 K in Fig. 2͑b͒ . ͑c͒ Definition of the critical fields and schematic illustration of the magnetization with a plateau of half the value of the saturation magnetization. ͑d͒ Schematic display of the magnetization expected for the isolated 4-spin model shown in Fig. 2͑c͒ at Tϭ0. ment of the model with infinite size is difficult. Then we make an approximation by an infinite system with taking J AF into account as much as possible.
In the extreme limit of J F →ϱ, the model of Fig. 2͑b͒ is reduced to a honeycomb lattice of Sϭ1. ͓Fig. 2͑d͔͒ In the case of J AF ӶJ AF Ј , the model can be approximated by a cluster inside the loop shown in Fig. 2͑d͒ . This cluster is an alternating chain of Sϭ1. Note that all the J AF Ј is correctly taken into account. The half of the J AF is also taken into consideration. The system is still infinite in one direction at least. The numerical study of the magnetization of Sϭ1 antiferromagnetic alternating chain for various alternating ratio has already been reported. The calculated magnetization process indicates the plateau at the half value of the saturation magnetization.
14 Recently, experimental study of this system was done and a plateau was observed. 15 The values of the critical fields are listed in Next, we perform the numerical calculation of the magnetization for F 2 PNNNO. We consider a cluster inside the loop shown in Fig. 2͑b͒ . The Heisenberg Hamiltonian for the model is written as follows:
where S denote the Sϭ1/2 spin operator and N is the number of sites so that N/4 is an integer. We define JϽ0 and j,␦ Ͼ0. Thus the parameters in Fig. 2͑b͒ are represented by J F ϭ jJ, J AF ϭ(1Ϫ␦)J, J AF Ј ϭ(1ϩ␦)J. This Hamiltonian was recently studied and ground-state phase diagram was reported. 16, 17 For the estimation of the magnetization process at Tϭ0, we calculate the lowest energy of the subspace ⌺ j S j z under the periodic conditions for length up to Nϭ24 by the Lanczos method and extrapolate the finite size data to the thermodynamic limit using the method introduced by Sakai and Takahashi. 13 That is, Shanks' transformation for the estimation of B c0 , B c1 , and B c2 , and finite size behavior predicted by the conformal field theory for the saturation process are employed. 18 For the calculation of the temperature dependence of the susceptibilities, we perform exact diagonalization of a chain by the Householder method with increasing length up to 12 spins. Since differences between the susceptibility curves for 12 spins and the ones for 8 spins are indistinguishable within the accuracy of 1% when k B T/͉J͉у0.23, we use the curves for 12 spins as an approximation of the thermodynamic limit (N→ϱ).
We estimated the magnetic couplings to reproduce well both susceptibility and magnetization consistently, and obtained the parameter set of ␦ϭ0.8, jϭϪ11, and 2J/k B ϭ Ϫ37 K, i.e., 2J F /k B ϭ407 K, 2J AF Ј /k B ϭϪ67 K, and 2J AF /k B ϭϪ7.4 K. The observed results are compared with the calculation in Fig. 11͑b͒ . The magnetization isotherm itself can be slightly better reproduced with the parameter set: ␦ϭ0.8, jϭϪ15, and 2J/k B ϭϪ37.5 K, i.e., 2J F /k B ϭ562.5 K, 2J AF Ј /k B ϭϪ67.5 K, and 2J AF /k B ϭϪ7.5 K.
However, jϭϪ15 is too large to explain the temperature dependence of p T above 150 K. ͑Fig. 12͒ The solid curve in Fig. 12 represents the calculation base on the Hamiltonian ͑6.3͒. For the correction of the diamagnetic susceptibility, we use Pascal's law. The ambiguity of the diamagnetic correction can affect the slope of the temperature dependence above 150 K, but does not change the maximum value of p T. For the estimation of J F , it is reliable to use the hightemperature data, since at low temperature such as 0.5 K the behavior is influenced by other small interactions. Moreover, J F is expected to be almost independent on the temperature, because it is the exchange coupling within a molecule. The influence of the thermal expansion on the intramolecular interaction is expected to be small. Therefore, we think that the value of 2J F /k B ϭ407 K is reliable and conclude the intermolecular interactions are 2J AF Ј /k B ϭϪ67 K, and 2J AF /k B ϭϪ7.4 K.
The observed saturation processes ͑in the field region of 9ϳ15 T for the first saturation and of 25ϳ27 T for the second one͒ in Fig. 11 exhibit almost linear field dependence, whereas the calculation indicates the increase of the magnetization with the shape of inverse-S-type. The reason for the difference in the experiments and calculation is a feature problem. The linear field dependence is probably reflecting the two-dimensionality of F 2 PNNNO. F 2 PNNNO is a rare example having an energy gap and a plateau in the magnetization process among spin systems with dimensions higher than one.
VII. SUMMARY
Three related organic biradicals PNNNO, F 2 PNNNO, and PIMNO were synthesized and the magnetic properties are examined by susceptibility and magnetization measurements down to 0.5 K and up to 34 T. The numerical calculations are also done considering the crystal structures. Each biradical involves two spins of Sϭ1/2, which couple ferromagnetically. These spin pairs couple antiferromagnetically in the crystal. PNNNO and PIMNO are well understood by onedimensional antiferromagnetic chain models of ferromagnetic spin pairs. Both compounds undergo Néel orders at 1.1 and 2.5 K, respectively, due to weak interchain interactions. The heat capacity measurements of both compounds reveal the three-dimensional nature of these transitions. On the other hand, F 2 PNNNO has two kinds of antiferromagnetic interactions and forms a two-dimensional system. The magnetism of F 2 PNNNO is characterized by the singlet ground state and a plateau in the magnetization isotherm. These properties are quite rare among higher-dimensional spin systems than one-dimensional ones. Our theoretical calculation using an one-dimensional approximation gives a qualitatively good explanation for the observed results.
